We have cloned and sequenced two defensins, Smd1 and Smd2, from anterior midgut tissue of the bloodsucking f ly Stomoxys calcitrans. The DNA and N-terminal protein sequences suggest both are produced as prepropeptides. Smd1 differs from the classic defensin pattern in having an unusual six-amino acid-long N-terminal sequence. Both Smd1 and Smd2 have lower pI points and charge than insect defensins derived from fat body͞hemocytes. Northern analysis shows both of these defensin molecules are tissue specific; both are produced by the anterior midgut tissue and, unlike the other insect defensins reported to date, neither appears to be expressed in fat body or hemocytes. Northern analysis also shows that mRNAs for both defensins are constitutively produced in the anterior midgut tissues and that these transcripts are up-regulated in response to sterile as well as a lipopolysaccharide-containing blood meal. However, antiGram-negative biological activity in the midgut is substantially enhanced by lipopolysaccharide. These findings suggest that the insect midgut has its own tissue-specific immune mechanisms and that this invertebrate epithelium is, like several vertebrate epithelia, protected by specific antibacterial peptides.
The application of modern techniques of protein biochemistry and molecular biology has led to a rapid increase in our understanding of the insect immune system (reviewed in refs. [1] [2] [3] [4] . Most work has concentrated on defense mechanisms in the hemolymph of ''model'' insects, and consequently our understanding of tissue-specific immune systems and immune systems in insect pest species is poor.
As with all other Metazoa the insect intestine is particularly vulnerable to attack from pathogens, parasites, and a range of opportunistic organisms ingested with the food. In particular, the midgut of blood-sucking insects is a crucial interface between potential vectors and the parasites they ingest. Given the undoubted importance to the insect of an effective midgut immune system it is surprising that so little attention has been paid to it. We do know that lectins play an antiparasitic role in the midgut of some insects (5) , that peritrophic matrix has a defensive function (6) , that the anti-Gram-positive enzyme lysozyme may be present, and that Plasmodium ookinetes may, on occasion, be lysed by undefined mechanisms in the midgut (7) . It seems probable that other undiscovered immunological mechanisms will be involved in gut protection.
It is now widely believed that peptide antibiotic molecules play a major role in regulating natural and nonnatural flora at epithelial surfaces (8) (9) (10) , and it is believed this is the role of cecropin in insect cuticular epithelia (11) , ␣-defensins (cryptdins) in Paneth cells of the small intestine (12) , and ␤-defensins in tracheal epithelia (13) . No systematic study of peptides in the insect midgut has been undertaken although expression of cecropin has been reported in the anterior end of the larval hindgut and other larval tissues of Drosophila undergoing histolysis (14) as has slight expression of cecropin in the midgut of Bombyx mori (15) . However, in both cases these molecules were expressed to a much greater degree in other tissues of the body. In this study we have investigated antibacterial activity in the midgut of adults of the stable fly Stomoxys calcitrans (a facultatively hematophagous dipteran insect), in an attempt to find antibacterial peptides that are primarily or exclusively expressed in the insect midgut epithelium in response to midgut-specific stimuli.
MATERIALS AND METHODS
Insects. S. calcitrans were cultured in the laboratory as described previously (16) . Both sexes are blood feeders, and all flies were held under laboratory culture conditions throughout the experiments. Unfed adults were collected within 24 hr of eclosion. Flies were used unfed or were fed from cotton wool-soaked swabs on either sterile, heparinized pig or rabbit blood or heparinized pig blood containing the quantities of lipopolysaccharide (LPS) (Escherichia coli serotype 026:B6; Sigma) or E. coli D31 described in the text.
Antibacterial Assay. Anti-Gram-negative activity was determined using two separate inhibition zone assays. Ninecentimeter plates were made with 7 ml of 0.7% agarose in Luria-Bertani media containing 2 l of a suspension of E. coli K12 RM148 grown to OD 600 0.4-0.6. Plates were made with or without the inclusion of 5 mg͞ml of 0.22 M filtered lysozyme (chicken egg white, 50,000 units͞mg, Sigma); E. coli K12 RM148 grows successfully in the presence of 600 mg͞ml lysozyme, the maximum concentration achievable (results not shown). Addition of lysozyme increases the sensitivity of the assay (17) and permits the detection of molecules that are capable of permeabilizing the outer membrane of Gramnegative bacteria but that cannot kill them (18) . Onemillimeter diameter holes were punched in the set agarose and filled with 2 l of test solution. Plates were incubated overnight at 37°C, and the diameter of inhibition zones measured. The assay was calibrated by measuring the diameter of the inhibition zone created by serial dilutions of cecropin B (Sigma) from 250 M to 1 M in the same assays. The calibration curve was produced by linear regression analysis of the area of the inhibition zone minus the area of the hole against log cecropin B molarity. Activity of test solutions are expressed in M of cecropin B equivalent activity.
Preliminary Analysis of Antibacterial Activity in the Intestine. Midguts, sections of midguts, crop, and salivary glands were dissected from unfed flies or at various times after feeding flies on heparinized pig blood containing the concentrations of LPS described in the text. Tissues were dissected in 154 mM NaCl and held at 4°C. Samples from 20 flies were homogenized in 20 l of 0.9% NaCl, heated to 100°C for 2 min, and centrifuged at 5,000 ϫ g, and 2 l of the supernatant was assayed for anti-Gram-negative activity.
Purification of Antibacterial Proteins and N-Terminal Sequencing. Flies were fed 5,000 units͞ml of LPS in heparinized pig blood. Two thousand anterior midguts were dissected from those flies that had completely digested the blood meal at 24-36 hr after feeding. Tissue was dissected into 154 mM NaCl at 4°C and homogenized in a total of 1.6 ml of 200 mM sodium acetate, pH 4.5. Homogenates were heated at 100°C for 5 min and centrifuged at 9,000 ϫ g for 15 min. The supernatant was progressively ultrafiltered through CentriCon 100, 50, and 10 filters (Amicon), separating homogenate into four groups of Ͻ 10 kDa, 10-50 kDa, 50-100 kDa, and Ͼ 100 kDa. The ultrafiltrate was centrifuged repeatedly at 4°C for 60 Ϸ 180 min with 154 mM NaCl washing until retentates were minimized. After concentration by vac-centrifugation, each filtrate was subjected to reversed-phase HPLC on a C18 column (Vydac 218TP54, 4.6 ϫ 250 mm); mobile phase A: 0.1% trifluoroacetic acid (TFA) in H 2 O; B: 0.1% TFA in 100% acetonitrile with a linear gradient of B from 0 to 60% over 50 min at a flow rate of 1 ml͞min at ambient temperature. Peak detection was by UV at 215 nm. All peaks were collected individually and dried by vac-centrifugation. Each was resolubilized in 154 mM NaCl and tested for antibacterial activity. The purity of peptides in active peaks and the estimated molecular mass was determined by silver staining Tris-tricine-buffered SDS͞PAGE gels. Nonpure, active peaks were subjected to reversed-phase HPLC on a C4 column (Vydac 214TP54, 4.6 ϫ 250 mm) under the same conditions as those for the C18 column, except the mobile phase gradient of B was from 0 to 35% in 30 min. The activity, purity, and estimated molecular mass of purified peptides was determined as above. Occasionally, active peaks were still not pure after this second HPLC step in which case they were subjected to further purification by HPLC on a gel filtration column (BioSep SEC-2000s, 7.8 ϫ 300 mm, Phenomenex, United Kingdom); mobile phase 20 mM phosphate buffer, pH 7.2, in 10% methanol; flow rate 0.8 ml͞min at ambient temperature. The activity, purity, and estimated molecular mass of purified peptides was determined as above. Subsamples of protein͞peptides that had an unique band on SDS͞PAGE gels were electrotransferred to poly(vinylidene difluoride) membrane (Immobilon, Millipore) in glycine-free buffer, pH 8.3, containing 25 mM Tris⅐HCl, and 25% methanol, or 35% methanol for peptides that were smaller than 10 kDa. Membrane was Coomassie-blue stained, and the band was cut and commercially sequenced by the Edman degradation method using an automatic protein sequencer (Applied Biosystems 473A) at Alta Bioscience (University of Birmingham, United Kingdom). For the peptides reported in this paper only one amino acid was observed per sequencing cycle. Chemicals used were HPLC grade (Supelco) for purification work and electrophoresis grade (Bio-Rad) for SDS͞PAGE.
PCR Procedures. The following degenerate oligo sense primers were synthesized commercially (GIBCO͞BRL). They were designed from the N-terminal sequence information gained from the Edman degradation analysis (see Results): for Smd1, 5Ј-AAACCTATGGGYATHAC-3Ј and for Smd2, 5Ј-GCTACTTGCGAYYTNYT-3Ј. In addition, the pBluescript M13 forward primer was used in the analysis. Fifty nanograms of template cDNA was amplified in a 100-l reaction mixture containing, as final concentrations, 10 mM Tris⅐HCl at pH 8.3, 50 mM KCl, 1% Triton X-100, 3.5 mM MgCl 2, 0.25 mM of each of the four deoxynucleotide triphosphates, 2 units of Taq DNA polymerase (GIBCO), and 1 M each of the defensin-specific primer and M13 forward primer. A Techne FPHC3CD cyclogene thermal cycler was used as follows: 30 cycles of 94°C, 1 min; 55°C, 1 min; 72°C, 2 min followed by a single hold at 55°C for 5 min. PCR products were visualized after electrophoresis through a 1% agarose gel containing 0.5 g͞ml ethidium bromide.
To generate probes for library screening and Northern analysis, PCR products were purified and digested with XhoI to remove vector. Probes for Northern analysis also were made from purified plasmids containing full-length inserts (Qiagen plasmid kit) by restriction with EcoRI and XhoI. Probes were 32 P-labeled using random primers (Appligene Nona Primer kit).
cDNA Library Construction, Screening, and Sequencing of Selected Clones. To avoid problems arising from the presence of mRNA in blood, female S. calcitrans were fed an artificial meal consisting of 15 mg͞ml porcine ␥-globulin, 8 mg͞ml hemoglobin, 177 mg͞ml albumin, 9.0 mg͞ml NaCl, 1.7 mg͞ml NaHCO 3 , and 0.55 mg͞ml ATP. This formulation induced comparable levels of trypsin activity in the midgut to that induced by whole porcine blood (data not shown). Eight hundred midguts were dissected 6-12 hr postblood meal in 154 mM NaCl and immediately frozen in liquid N 2 .
Poly(A) ϩ RNA was isolated (Dynal mRNA Direct kit). cDNA was synthesized, directionally cloned, and packaged (ZAP-cDNA Synthesis Kit, Stratagene). The library, which was estimated to contain 2.7 ϫ 10 6 independent clones, was plated using E. coli XL1-Blue and screened with a 32 P-dCTPlabeled probe derived from PCR products purified by electroelution. pBluescript phagemids were excised in vivo from the lambda vector using ExAssist helper phage and plated using the E. coli SOLR. Dideoxy DNA sequencing was carried out using the Pharmacia T7 polymerase kit.
Northern Analysis. Adult flies of mixed sex, previously unfed and 12-36 hr since eclosion, were fed either sterile heparinized pig blood or heparinized pig blood plus 3,000 units͞ml of LPS. Other flies were injected with 50 ng LPS (2.5 units) in 1 l of sterile 154 mM NaCl through the pteropleural region of the thorax 24 hr after feeding on sterile rabbit blood. Flies were killed by freezing in liquid N 2 at the times indicated in the text. Tissues were dissected 24-30 hr postblood meal in 154 mM NaCl and immediately frozen in liquid N 2 . The tissues were separated into anterior midgut, posterior midgut, abdominal fat body, and the remainder of the body. Total RNA was extracted from flies or tissues by the acid guanidinium thiocyanate͞phenol͞chloroform method (19) . Thirty or 50 micrograms of whole-body RNA or 10 g of RNA from specific tissues were used for Northern analysis. RNA was denatured and electrophoresed through a 1.3% agarose͞formaldehyde gel and transferred to Biotrans nylon membrane (ICN). Membranes were prehybridized at 42°C for 5 hr in 50% (vol͞vol) formamide͞5ϫ Denhardt's solution͞5ϫ standard saline citrate (SSC)͞0.1% SDS͞100 g/ml salmon sperm DNA. Hybridization was for 36 hr at 42°C in the same solution with the addition of 100 g͞ml poly(A) and 32 P-labeled Smd1 or Smd2 defensin or Aedes aegypti ribosomal probes (gift of J. Crampton, University of Liverpool, U.K.). After hybridization the membrane was sequentially washed for 2 ϫ 10-min periods in 2ϫ SSC͞0.1% SDS; 2 ϫ 10 min in 1ϫ SSC͞0.1% SDS both at room temperature followed by 2 ϫ 10 min in 0.1ϫ SSC͞0.1% SDS at 42°C and 2 ϫ 10-min washes in 0.1ϫ SSC͞0.1% SDS at 65°C. Membranes were exposed to Kodak X-Omat film for 24-72 hr at Ϫ50°C. Densitometry was performed on an LKB 2202 laser densitometer.
RESULTS
Inducible Antibacterial Activity in the Midgut. Anti-Gramnegative activity is apparent in crude homogenates of fly
. To determine which of the functionally distinct zones of the midgut possesses anti-Gram-negative activity, crude homogenates of the different zones were assayed separately. Activity was found throughout the entire anterior midgut, whereas neither the posterior midgut nor the salivary glands showed activity (Fig. 1) . The activity of the anterior midgut increases with doses of LPS exceeding approximately 2,000 units per ml of LPS (Fig. 2) , suggesting this may represent a response threshold. Purification and N-Terminal Sequencing. Screening of HPLC-purified proteins revealed a number displaying antiGram-negative activity, and the further study of two of these is reported here. The first, termed Smd1 (Stomoxys midgut defensin 1), was present in the final HPLC fraction at a concentration of 8 M, and when assayed at this concentration gave no activity in the assay without lysozyme but in the assay with lysozyme gave activity equivalent to 2.5 M cecropin B. The second, termed Smd2 (Stomoxys midgut defensin 2), was present in the final HPLC fraction at a concentration of 24 M, and when assayed at this concentration showed activity in the assay without lysozyme equivalent to 13.4 M cecropin B and in the assay with lysozyme activity equivalent to 19 M cecropin B. Edman degradation analysis gave an N-terminal sequence of AAKPMGITXDLLXL for Smd1 and ATX-DLLXMXN for Smd2.
PCR Analysis. A PCR primer was designed for positions 3-8 (number refers to Edman sequence given above) in Smd1. Reference to consensus sequences for insect defensins (3) suggested position 3 in Smd2 could be C. Making this assumption, we designed a PCR primer for positions 1-6 in Smd2. PCR reactions of Smd1 using the cDNA library as template gave reaction products of approximately 490 and 290 bp. Preliminary sequencing of the 490-bp band suggested the product coded for a 40S ribosomal S14 protein, and this product was abandoned. The 290-bp product was used as a probe for library screening and Northern analysis. PCR reactions of Smd2 gave a reaction product of 280 bp, which was used as a probe for library screening and Northern analysis.
Cloning and Sequencing. Clones were selected and sequenced; the nucleotide and amino acid sequence of the full-length clones of Smd1 and Smd2 are given in Fig. 3 . Smd1 has an ORF of 189 nucleotides coding for a peptide of 79 residues with a calculated molecular mass of 8,159 Da. Smd2 has an ORF of 291 nucleotides coding for a peptide of 97 residues with a calculated molecular mass of 10,614 Da.
FIG. 1. Segregation of anti-Gram-negative activity in the midgut. The anterior midgut of adult S. calcitrans is divided into proventriculus (P), thoracic midgut (T), and reservoir (B). The posterior midgut is formed of the opaque zone (O) and the lipoid zone (L).
The anti-Gram-negative activity of these various regions of the midgut of mixed sex flies 24 hr after feeding on a 50͞50 mixture of pig blood and E. coli D31 grown to 0.55 at OD600 assayed in the presence of lysozyme is presented. Two gut equivalents per assay point. mg, total midgut; crop, crop; sal, salivary glands. Northern Analysis. After feeding on LPS-containing blood was completed, Northern analysis shows Smd1 and Smd2 are located only in the anterior midgut (Fig. 4A) . The injection of LPS into the hemocoel of another dipteran, Phormia terranovae, induces transcription of defensin molecules in fat body and hemocytes (20) . We injected LPS into the hemocoel of S. calcitrans and assume this also will induce transcription of fat body and hemocyte defensins. However, under these conditions Smd1 and Smd2 are still found only in the anterior midgut with no labeling of the fat or remainder of the body lanes (Fig.  4B) . These results suggest mRNA for Smd1 and Smd2 is produced exclusively in anterior midgut tissues of adult S. calcitrans. Washing the Northerns of specific tissues less stringently to 0.1ϫ SSC͞0.1% SDS at 42°C gave no further banding when probed with Smd1, but when probed with Smd2 a faint band of hybridization appeared in the remainder of the body lane (results not shown). This band was completely lost when the membrane was washed to 0.1ϫ SSC͞0.1% SDS at 65°C. This suggests either very low levels of transcription of Smd2 or transcription of a closely related, but not identical, mRNA somewhere else in the body but not in the fat body. Northern analysis shows constitutive expression of Smd1 and Smd2, which is up-regulated by blood feeding (Fig. 4C) . Fig. 4 C and D compares the effects of a sterile blood meal and a blood meal containing LPS at a concentration of LPS that is known to increase anti-Gram-negative activity (Fig. 2) , on the levels of Smd1 and Smd2. Densitometry of these Northerns showed that LPS caused peak levels of Smd1 to be depressed by about 30%, whereas it enhanced peak levels of Smd2 by about 30%. Presence of LPS also caused a more prolonged increase in Smd2 levels with over 80% more mRNA present at 48 hr postblood meal.
DISCUSSION
Anti-Gram-negative activity is restricted to the anterior midgut, which is the region where peritrophic matrix is produced (21) and where blood is stored and dehydrated (22) before the addition of digestive enzymes from more posterior regions of the midgut where digestion and absorption occur (21, (23) (24) (25) (26) . Undigested blood, which may be stored for up to 48 hr in this region, is a potentially rich medium for bacterial growth. The antibacterial activity that we have demonstrated is centered in this region of gut may help prevent bacterial growth in this valuable resource.
It is tentatively suggested that both Smd1 and Smd2 are preproproteins. The putative leader sequence comprises the first 23 amino acids of Smd1 terminating in Ala, which is typical of this type of peptide (20, (27) (28) (29) . If the Edman degradation analysis was indeed of the mature peptide this suggests the pro-sequence is 10 residues long and ends in another Ala residue. Given this assumption the mature peptide is 46 amino acids in length with a calculated molecular mass of 4,736 Da. It is tentatively suggested that the leader sequence of Smd2 comprises the first 23 amino acids and that cleavage occurs within the same amino acid sequence, Asn-Ala-AlaPro, as Smd1. If this is correct we suggest the pro-sequence is 34 residues long and ends in the classic proteolytic cleavage site Lys-Arg used for other defensins (20, 29) , but not for Smd1. This gives a mature peptide 40 amino acids in length with a calculated molecular mass of 4,237 Da.
Smd1 and Smd2 are both defensins, although Smd1 is more unusual relative to previously characterized members of the family (Fig. 5) . The six cysteine residues in Smd1 and Smd2 are in the positions that are invariant in all mature insect defensins studied. The putative leader sequences of Smd1 and Smd2 are typical in containing a large number of hydrophobic amino acids (Fig. 3) . With the exception of the putative cleavage site, little conservation of amino acid identity is in the leader sequence of either Smd1 or Smd2 compared with other insect defensins (Fig. 5) . Within the pro-sequence of Smd2 the 11 amino acids N-terminal to the putative activation site are identical to those of P. terranovae isoform A (30) and S. peregrina sapecin isoform A (31) with further identical sequences N-terminal of this region. In contrast, the putative pro-sequence of Smd1 is unusually short and shows no similarity to the pro-sequence of any other defensin studied. In addition, whereas the putative cleavage site of the prosequence from the mature peptide in Smd2 is typical of other defensins that of Smd1 is atypical. The significance of these differences remains to be determined, but the variation in the putative cleavage site of the pro-sequence from the mature peptide site in particular is consistent with a novel processing sequence for Smd1. The sequences of mature Smd1 and Smd2 peptides show a high degree of identity to other insect defensins ( Fig. 5) with the exception being six extra amino acids at the N terminus of Smd1. The significance of this atypical N-terminal sequence remains to be determined, but it is it worth noting that the vertebrate Paneth cell cryptdins also have amino termini that are 4-6 residues longer than the average amino terminus of the leukocyte-derived ␣-defensins (32) . With the possibility the peptide may function in the midgut lumen it also is interesting to note that Apis mellifera royalisin (33) and the defensin-related charybdotoxin from Leiurus quinquestriatus (34) , both of which operate outside the body of the arthropod, also have respectively atypical Cterminal and N-terminal extensions from the standard defensin-type pattern. With the exception of the first six amino acids in mature Smd1 none of the amino acids distinguishing S. calcitrans defensins from the other insect defensins studied are of obvious significance in determining higher-order structural features. However, differences exist in pI and charge of the molecules at pH 7, which separate these midgut defensins from fat body͞hemocyte-derived defensins. sented in Fig. 5 . The physiological significance of these differences remains to be determined.
The evidence suggests that defensins Smd1 and Smd2 are specific to the anterior midgut tissues of S. calcitrans. First, these defensins have been cloned from an anterior midgutspecific cDNA library. It is, of course, possible, but in our opinion unlikely, that tissues other than midgut were contaminants in the production of the cDNA library. The midgutspecific nature of these defensins is supported by Northern analysis. The injection of LPS is very likely to promote the expression of defensins in fat body and blood cells (20) , but these are not recognized by our defensin probes, which only bind in the anterior midgut lane (Fig. 4) . The finding of a weak band of staining for Smd2 in the remainder of the body lane when less stringent washing conditions were used suggests either low levels of Smd2 are produced elsewhere or that a related, but not identical, defensin is to be found in other tissues of the body. The evidence suggests these other tissues do not include abdominal fat body or posterior midgut.
We report the identification of the source of insect defensins from tissues other than fat body and hemocytes. The finding is consistent with the view that insect midgut may possess its own particular immune molecules. It is worth noting that in vertebrates the ␣-defensin genes expressed in Paneth cells and cells of myeloid lineage are also distinct from each other. Enteric defensin RNA does not crosshybridize with myeloid cell RNA (35) and vice versa (36) .
Anterior midgut tissue is a mixture of midgut epithelium and small numbers of putative endocrine cells surrounded by muscles and trachea (M.J.L., unpublished work). Which cell type is producing defensin mRNA is not known. The Edman sequencing data taken together with the sequencing of the clones is evidence that the defensins are produced as preproproteins, which is consistent with a secretory fate. The eventual location of the mature proteins has not been established, although it is tempting to speculate that these insect defensins, like for example the cryptdins of Paneth cells (37) , may be secreted into the gut lumen.
In fat body͞hemocyte tissues defensin mRNA is usually undetectable in unchallenged insects (20) or where it is detectable at low levels this is assumed to reflect background injuries or infections (29) . In contrast, the Northern analysis of midgut defensins reported here (Fig. 4) shows that mRNA is present in unstimulated insects. It is, of course, possible that the midgut per se is not sterile. However, unfed insects had received no food as adults and so any stimulant is most likely 
